During operations of the Hyper-ECR ion source at the Center for Nuclear Study, University of Tokyo, an observation of plasma light intensities by a monochromator was made. Various gaseous and metal ions are produced, then extracted, and injected into RIKEN AVF cyclotron by the Hyper-ECR ion source. In this study, we developed the method of determining the crucible position, the magnetic strength distribution, and the RF power necessary for the plasma production. In summary, this study proves the importance of plasma spectroscopy for ion source operation.
INTRODUCTION
CNS, the Center for Nuclear Study at the University of Tokyo, is now developing new astrophysics and nuclear physics programs. In order to support these scientific programs, the azimuthally varying field (AVF) cyclotron at RIKEN provides the gaseous and solid ion species for the users, such as the CNS radioisotope (RI) beam separator (CRIB) group. We have developed 7 Li 2+ , 6 Li 3+ , 11 B 4+ , 24 Mg 8+ , 28 Si 9+ , 32 S 9+ , 40 Ca 12+ and 56 Fe 15+ ion beams using the Hyper-ECR Ion Source and been injecting those beams into the AVF cyclotron. 1 A grating monochromator was installed at the Hyper-ECR ion source, and emitted light intensities of gaseous and metal ions were observed during the ion beam tuning. 2, 3 Metal rod method and crucible method have been used to produce metal ions. Both methods have used spectroscopy and have generated high intensity ions. In this research, we investigated the beam stability of these two methods. It also explains how observation of the light intensity by spectroscopy is useful during the operation of an ion source. Figure 1 is a schematic drawing of the Hyper-ECR ion source with a metal rod for metal ion production. The magnetic mirror field for the production of a 40 Ca 12+ ion beam is also shown in Figure 1 . Peak magnetic strengths of mirror coil 1 (MC1) and mirror coil 2 (MC2) were 1.35 T and 1.2 T, respectively. The excitation currents of the MC1 and MC2 were 576 A and 466 A, respectively. The length of the ECR zone was approximately 63 mm. The diameter of the plasma chamber was 50 mm. An RF power source at 14.24 GHz was used in the plasma chamber to generate the ECR plasma. 1 A grating monochromator (JASCO CT-25C) and a photomultiplier (Photosensor module H11462-031, Hamamatsu Photonics) were used for the light intensity measurement. The monochromator is installed in the direction of travel of the beam as shown in Figure 2 . 4 The distance from the ECR plasma to the entrance slit of the monochromator is 1.5 m. The beam resolution of the grating is 0.05 -0.1 nm (FWHM). This resolution is usually sufficient to observe light intensities of those multi-charged ions. Gratings of 1200, 1800 and 2400 lines/mm were used. Usually, L-37 and R-64 filters are used for preventing both second and third order light signals. The grating dial is remotely controlled. 
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RESULTS AND DISCUSSIONS
So far we have used the metal rod method to produce 24 Mg 8+ ions. During CAARI 2014 we reported that we have tuned a high intensity beam while observing Mg VIII light intensity. However, because this method does not provide a stable plasma condition, the operation is extremely complicated. Figure 3 shows the beam stability when the 24 Mg 8+ beam is tuned by the MgO rod method. The supporting gas (O2 in this particular case), RF power, and other parameters had to be continuously optimized. This turned out to be very difficult, and 24 Mg 8+ ion beam preparation was attempted by the crucible method instead of the rod method. Figure 4 shows a picture of the crucible and time chart of 26 Mg 8+ ion beam prepared by the crucible method. Natural Mg lump was used for 26 Mg (11.01%) stable isotope ion beam preparation. As is clear from Figure 4 (b) , the beam was stably extracted from the ion source without any adjustments for 15 hours. We also observed the Mg VIII light intensity which responded more quickly to the behavior of the plasma than the current monitor of the Faraday cup just downstream of the analyzer magnet. Even with the rod setup, not only with the crucible scheme, we have always observed light intensity by a monochromator with various beam tunings. Wavelengths of the lines were determined in accordance with the NIST Atomic Spectra Database. 5 While monitoring this light intensity, we have succeeded in making some adjustments as the light intensity decreases without stopping the experiment. Figure 5 shows the light intensity spectrum during 24 Mg 8+ ion beam operation with the crucible setup. Compared to the Mg spectrum in the rod scheme shown at CAARI 2014, there was considerable light intensity of the crucible components such as Fe and Mo present, thus contaminating the spectrum of the crucible. 6 When the rod was used, only the light intensities of Mg and Mo were used for covering of the MgO rod. In the rod method and the crucible method, the wavelength of the observed Mg VIII light intensities was also different. The light of λ = 279.64 nm that could be confirmed by the rod method can not be measured because it enters the light intensity of Fe II in the crucible method. However, with the crucible method, the λ = 406.22 nm light intensity which could not be confirmed by the rod method can be confirmed and the light intensity of this wavelength is used for monitoring. Figure 6 shows the light intensity of the Mg VIII line spectrum (λ = 406.22 nm) as a function of the analyzed 24 Mg 8+ beam intensity measured by a Faraday cup just behind the analyzer magnet. The beam intensity was tuned by controlling power. The result shows a strong correlation between the light intensity and the beam current. Next, experiments on the ion pumping effect of Mg ions were carried out. We had already confirmed the ion pumping effect to remove carbon ions by evaporating Li in the vacuum chamber. 7 In this case we had a problem with contaminated 12 C 4+ ions. This is because q / m = 1/3, which is exactly the same value as for the 18 O 6+ ion, and therefore cannot be separated by a cyclotron. Contaminated 12 C 4+ will reach the target together with 18 O 6+ ions. Figure 7 is a plot of the C IV light intensity of residual carbon vs. time. Mg starts to evaporate halfway through the experiment, and carbon ions rapidly disappear from the chamber due to the pumping effect. It was confirmed that residual carbon ions in the plasma chamber were removed by evaporating Mg atoms rapidly. The light intensity of 12 C IV (λ = 580.133 nm) has a strong correlation with 12 C 4+ ion beams extracted from the Hyper-ECR ion source. Finally, we report 56 Fe 15+ ion beam preparation. Though ion beam was produced by the rod method it was very stable. The reason for this stability for multi-charged Fe ions is unclear. In the case of Fe, we observe the light intensity of Fe XV (λ = 500.41 nm). Through systematic studies, we confirmed that there was an optimal light intensity during beam tuning. In fact, when generating metal ions, baking of the plasma chamber is conducted to improve the vacuum condition, and then evaporation of the desired metal is started. Until now, the determination of the position of the crucible or rod was time-consuming. If the crucible or rod is brought close to the plasma too early, a large amount of metal is evaporated at once, and the vacuum will deteriorate. Moreover, even if gradually bringing the crucible to the plasma, the Faraday cup was the only monitor and the judgment as to whether the desired ions were generated was unclear. In the case of 56 Fe 15+ ion beam preparation, after baking of the plasma chamber was finished, while observing the light intensity of Fe XV, the rod was gradually brought close to the plasma and the light intensity was adjusted to always correspond to 4.5 mV. We succeeded in stably maintaining beam intensity by applying extraction voltage. 
CONCLUSIONS
Plasma spectroscopy was demonstrated to be useful for ion source operation. Observation of the existence of desired beam species in the plasma has been simplified. Tuning of the ion source without interrupting beam time by watching the light intensity signal (voltage meter) of a photomultiplier was successfully conducted. Background C ions were pumped by Mg ion pumping method.
